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a  b  s  t  r  a  c  t
We  implement  a  selection  process  based  on  DRAGON  and DONJON  simulations  to  identify  interesting
thorium  fuel  cycles  driven  by  low-enriched  uranium  or DUPIC  dioxide  fuels  for  CANDU-6  reactors.  We  also
develop a fuel  management  optimization  method  based  on  the  physics  of discrete  on-power  refueling
and  the  time-average  approach  to maximize  the  economical  advantages  of  the  candidates  that  have been
pre-selected  using  a corrected  inﬁnite  lattice  model.  Credible  instantaneous  states  are  also  deﬁned  using
a channel  age  model  and  simulated  to quantify  the  hot  spots  amplitude  and  the  departure  from  criticality
with  ﬁxed  reactivity  devices.
For  the most  promising  fuels  identiﬁed  using  coarse  models,  optimized  2D cell and  3D  reactivity  device
supercell  DRAGON  models  are  then  used  to  generate  accurate  reactor  databases  at low  computational
cost.  The  application  of the  selection  process  to  different  cycles  demonstrates  the  efﬁciency  of  our pro-
cedure  in identifying  the most  interesting  fuel compositions  and  refueling  options  for  a  CANDU  reactor.
The results  show  that  using  our optimization  method  one  can  obtain  fuels  that  achieve  a  high  average
exit  burnup  while  respecting  the  reference  cycle  safety  limits.
ublis© 2015  The  Authors.  P
. Introduction
With the uranium mined in the last decades and a current
uclear power exceeding 376 GWe  worldwide (IAEA, 2015), easily
ccessible resources are becoming scarce. Even if large scale tech-
ologies are available for the enrichment, the fabrication and the
ecycling of uranium-based fuels, the decreasing accessibility and
he consequent ﬂuctuations in the price of the yellow cake provide
n incentive to study more resource-efﬁcient and alternative fuel
ptions, such as recycling and natural thorium conversion. The
enewed interest for thorium fuel cycles mainly comes from their
ow long-life radiotoxicity (Guillemin, 2009), although the abun-
ance of this resource has always been attractive to the nuclear
ndustry because of the capability to convert 232Th into ﬁssile 233U.
∗ Corresponding author. Tel.: +1 4383940769; fax: +1 5143404192.
E-mail addresses: emmanuel.st-aubin@polymtl.ca (E. St-Aubin),
uy.marleau@polymtl.ca (G. Marleau).
ttp://dx.doi.org/10.1016/j.nucengdes.2015.06.023
029-5493/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).hed  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
This nucleus has the best reproduction factor among all ﬁssile iso-
topes in the thermal energy range (233U ≈ 2.3 at 0.025 eV). Net
breeding is only possible in a reactor if the leakages and the non-
productive absorptions can be maintained below ∼0.3 neutron per
ﬁssion. This is very difﬁcult to achieve in existing nuclear systems
(Nuttin et al., 2012), but was proven in the Shippingport LWBR
fueled with 232Th/233U seeds surrounded by fertile blanket assem-
blies (Olson et al., 2002). However, since 233U is not present in
nature, it must be produced ﬁrst in a nuclear reactor.
A prerequisite for the deployment of thorium breeding and
self-sufﬁcient cycles (Critoph et al., 1976) is the generation of a
very large 233U stock. It is also necessary to industrialize the nat-
ural thorium supply chain and to economically justify such major
investments. In the short-term, a preliminary step is to breed 233U
from other sources. Another option is to burn it in situ to gener-
ate a rapid return on investment. Ideally, this would be achieved
in Generation IV reactors, like for instance MSR. However, the R&D
ﬁnancial risks and the lack of adequate materials to build these
reactors with the promised efﬁciency may delay their take-off. In
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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element CANFLEX bundle, which has 1, 7, 14 and 21 fuel pins per
ring (instead of 1, 6, 12 and 18), is also considered here. In the
CANFLEX bundle, the 8 inner most pins are larger than the oth-
ers to take advantage of the softer spectrum in the center of theFig. 1. 8-Bundle shift c
his context, the accumulated experience with Generation II and III
ystems could convince the utilities to invest in the development
f existing reactors toward the use of thorium-based fuel cycles.
ecent studies on PWR  (Bi et al., 2012), BWR  (Martinez Francès
t al., 2012) and CANDU (Nuttin et al., 2012) abound this way.
In these systems, 232Th conversion in 233U is produced by neu-
rons provided by a ﬁssile driver fuel, which must be as cheap as
ossible in an economical optimization context. For this purpose,
any driver fuel candidates are considered. Here, we select LEU and
UPIC (Direct Use of PWR  spent fuel In CANDU) (Choi et al., 2001a,b)
rivers. Even if the DUPIC isotopic contents strongly depend on
he PWR  operation history (Shen and Rozon, 1999), we  consider a
nique composition for this fuel (see Table 1). This composition is
btained by burning to 35 GWd/The a 17 × 17 PWR  assembly ini-
ially fueled with 3.5 wt.% enriched UO2 in similar conditions that
xist at Yonggwang 1 (950 MWe)  generating station (Choi et al.,
997).
In addition to minimizing fuel cost, the costs for the reactor
nhancement must also be minimized by choosing an original
ystem as ﬂexible as possible and able to spare neutrons for
horium conversion. CANDU-6 (CANDU from now on) reactors
Rouben, 1984) have a recognized potential for advanced fuel cycles
Hatcher, 1976; IAEA, 2005; Jeong et al., 2008; Ovanes et al., 2012).
he pressure tubes design provides insulation between the high
ressure hot coolant and the low temperature moderator, both
omposed of heavy water. These features offer a high moderating
atio that allows the utilization of natural uranium as a fuel, but also
reat fuel management ﬂexibility since the core composition can
e changed at any given time. Reactivity management is achieved
uring both normal and accidental conditions by numerous devices
esigned for speciﬁc tasks. Therefore, CANDU reactors represent a
rivileged environment to initiate the use of thorium-based fuels,
s long as the criticality can be maintained using appropriate
eactivity devices. To achieve these ambitious objectives, we pro-
ose here a fuel selection process based on the standard CANDU
eterministic calculation scheme. We  ﬁrst start with coarse low
omputational cost models to identify the most promising fuels.
ccurate reactor databases are then generated for these options
sing the cell and supercell optimization approach presented in St-
ubin and Marleau (2015). Then, we present in details a novel fuel
anagement optimization technique and analyze the results we
btained for selected fuels. Future papers will assess the reactivity
evices adequacy with the selected cycles and propose innovative
echniques to adjust devices capability to manage such cycles.
Section 2 of this paper describes the modeling methodology
nd the fuel preliminary selection criteria coherent with standard
able 1
sotopic contents of average DUPIC.
Isotopes Contents (wt.%) Isotopes Contents (wt.%)
234U 1.135E−4 240Pu 2.303E−1
235U 9.242E−1 241Pu 8.391E−2
236U 4.589E−1 242Pu 5.299E−2
238U 9.759E+1 241Am 5.356E−2
237Np 3.966E−2 242mAm 5.673E−5
239Pu 5.541E−1 243Am 1.095E−2l refueling procedure.
CANDU operation. In Section 3, we  develop an innovative opti-
mization technique based on the physics of on-power refueling.
Advanced selection criteria for both optimal equilibrium and cred-
ible instantaneous states are then presented in Section 4. Finally,
perspectives for reactivity devices optimization are discussed in
Section 5.
2. CANDU reactors modeling for alternative fuels
This study is based on the 675 MWe  CANDU reactor operated
at the Gentilly-2 power station in Canada from 1983 to 2013. The
cylindrical reactor vessel contains 380 horizontal (Z-axis) fuel chan-
nels placed on a square lattice pitch of 28.575 cm. The coolant ﬂows
through two  adjacent channels in opposite directions in a checker-
board pattern. During normal operation, refueling is carried out
by 2 fueling machines that are attached to both ends of a channel
that contains 12 identical fuel bundles 49.53 cm long. The front-end
(coolant inlet) machine pushes fresh fuel bundles in the channel
while the other recovers irradiated bundles (coolant outlet). The
usual 8-bundle shift refueling procedure is depicted in Fig. 1.
Each cell of the lattice is composed of a Cartesian region ﬁlled
with cold D2O moderator that surrounds the calandria tube. A gas
gap provides insulation for the calandria tube and the moderator
from the hot D2O coolant ﬂowing in the pressure tube. The standard
37-element bundle is illustrated in Fig. 2, but an alternative 43-Fig. 2. Standard 37-element bundle cell structures and optimized discretization for
natural uranium fuel.
E. St-Aubin, G. Marleau / Nuclear Engineer
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undle, allowing for a decrease of the coolant void reactivity using
urnable poisons, or to increase fertile conversion. The coolant tem-
erature is set at the channel-averaged temperature and the fuel
emperature is assumed to be constant over all fuel pins.
There are 6 types of reactivity devices in a CANDU: 21 stainless
teel adjuster rods (ADJ) normally inserted in the core to provide a
ositive reactivity bank and to ﬂatten the ﬂux distribution; 14 liq-
id zone controllers (LZC) to manage power tilts caused by device
ovements or on-power refueling; 4 mechanical control absorbers
MCA) normally placed outside the core and inserted for bulk power
ontrol; 28 shutoff rods (SOR) suspended above the core and used
or reactor shut down; boron poisoning nozzles (BPN) to insert a
oric acid solution in the moderator to control early core excess
eactivity; gadolinium poisoning nozzles (GPN) similar to BPN but
cting as a redundant shutdown system with the SOR. Since all
he reactivity devices are perpendicular to the fuel channels (verti-
al along the bottom-to-top Y-axis for ADJ, LZC, MCA  and SOR; and
orizontal along the right-to-left X-axis for BPN and GPN), accurate
evices modeling must pass through 3D transport calculations, also
alled supercell calculations. Devices are located at lattice intersti-
ial sites, as depicted in Fig. 3 for a Y-oriented device. Here, BPN and
PN are not simulated explicitly since for normal operation, they
re ﬁlled with heavy water and are made of structure materials
lmost transparent to neutrons.
CANDU core modeling passes through 3 steps. First, transport
alculations are performed using a nuclear data library on a 2D
ell model to generate 2-group condensed and cell homogenized
urnup-dependent (B) diffusion coefﬁcients DG(B) and macro-
copic cross sections Gx (B) for each reaction of type x. Another
ultigroup library is generated for use in the supercell mod-
ls. 3D transport calculations are then performed for various
evices to generate 2-group condensed and homogenized incre-
ental macroscopic cross sections Gx and diffusion coefﬁcients
DG libraries coherent with the 2D fuel properties (St-Aubin and
arleau, 2015). The full core diffusion model is then set up using the
ibraries thus generated. The neutron transport code DRAGON 3.06
Marleau et al., 2013) deals with the 2D and 3D transport calcula-
ions (Marleau, 2006), whereas the neutron diffusion code DONJON
.01 (Varin et al., 2005) solves the 2-group diffusion equation for the
nite core. This code has various algorithms to deal with on-power
uel management (Chambon et al., 2007). Therefore, these open-
ource codes are well-suited for a numerical study of advanced fuel
ycles in CANDU. The cross section library we use with DRAGON is
he WLUP 69-group IAEA nuclear library (WLUP, 2005).In this section, we  ﬁrst present our procedure for selecting
horium-based fuels using simpliﬁed lattice calculations and gen-
rate the associated reactor databases. Then, we present the core
odel used for the fuel management optimization.ing and Design 293 (2015) 371–384 373
2.1. Fuels selection based on lattice calculations
2.1.1. Fuel composition and performance metrics
Several options have been considered to select fuels that achieve
high average exit burnups, such as mixing the ThO2 with the driver
fuel and concentrating it in the inner fuel pins. This last option max-
imizes the irradiation of 232Th by a thermal ﬂux provided by ﬁssion
in the outer fuel rings that contain UO2 or DUPIC-O2. In such het-
erogeneous conﬁgurations, the thermal-to-fast ﬂux ratio increases
as the radial distance to the center of the bundle decreases. We
assume that the densities of UO2, ThO2 and DUPIC-O2 are respec-
tively dU = 10.44 g/cm3, dT = 10.0 g/cm3 and dD = 10.4 g/cm3 (Choi
et al., 1997).
To compare ﬁssile contents of different fuels placed in different
conﬁgurations, it is useful to deﬁne some normalized metrics. The
normalized equivalent enrichment
NEE = 1
enatU
(
eUdUvU + eDdDvD
dUvU + dDvD + dTvT
)
(1)
gives information about the ﬁssile weight at the beginning-of-cycle
(BOC) of a fuel containing vT, vD and vU volume fractions of ThO2,
DUPIC-O2 and UO2 respectively, compared with the UO2 reference
fuel. eU is the uranium enrichment in UO2 and enatU = 0.7114 wt.%.
For DUPIC, eD ≈ 1.60 wt.% is the weight ratio of ﬁssile to total heavy
isotopes in the fuel at BOC (see Table 1). Note that NEE is not the
exact normalized ﬁssile weight ratio since it is deﬁned with diox-
ide densities instead of isotopic densities. The normalized uranium
contents
NUC = eUvU
enatUvnatU
(2)
is the 235U weight in a particular fuel normalized to the CANDU
reference 235U weight (vnatU = 100 v.%). Finally, the ﬁssile inventory
ratio
FIR = m
EOC
ﬁssile
mBOCﬁssile
(3)
is simply the end-of-cycle (EOC) to the BOC total ﬁssile weight ratio.
The preliminary fuel selection step relies on 3 criteria based on
the k∞ evolution with burnup evaluated using a simpliﬁed inﬁnite
lattice model with white reﬂexion boundary conditions applied on
the Wigner–Seitz cell (annular boundary that preserves the mod-
erator volume in the cell). Since the inﬁnite lattice model does
not take into account neutron leakage, reactivity device effects
and the presence of a neutronic poison in the moderator, we
deﬁne the effective criticality correction terms ık to approximate
these realities. Guillemin (2009) showed that ıkleaks = −3000 pcm,
while ıkdev = −2000 pcm for fully inserted ADJ and half-ﬁlled LZC
(Rouben, 1984), both terms being almost independent of burnup.
Poison concentration in the moderator (ıkpoisons(t)) is reduced as
the fuel burns and the initial transport eigenvalue k∞(0) can be used
to estimate the maximal concentration needed for a particular fuel.
Since poisons are mainly used during the no-refueling early core
period, the static time tS is deﬁned as the burnup time when poi-
son concentration vanishes (ıkpoisons(tS) = 0). This also corresponds
to the moment when refueling becomes necessary to maintain crit-
icality:
k∞(tS) = 1 − ıkleaks − ıkdev = 1.050. (4)
The cycle time tC is evaluated by computing the time period for
which the eigenvalue averaged over time becomes equal to the
effective criticality without poison:
k∞(tC ) =
1
tC
∫ tC
0
k∞(t)dt = 1 − ıkleaks − ıkdev. (5)
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Table 2
Composition and ﬁssile contents metrics for NU, TU and TD fuels.
Fuels vT (v.%) vD (v.%) vU (v.%) eU (wt.%) NEE NUC
NU 0 0 100 0.7114 1 1
TU  60 0 40 5.00 2.88 2.81
TD  18.92 81.08 0 – 1.83 0
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aig. 4. Variation of k∞ with burnup time and evaluation of static (tS) and cycle (tC)
imes for NU, TU and TD fuels.
uels with a high potential must yield static and cycle times better
r equal to the reference cycle, respectively trefS and t
ref
C , in addition
o relatively low poisoning needs:
∞(0) ≤ 1.4, tS ≥ trefS and tC ≥ trefC . (6)
To illustrate the selection process, we will follow 2 thorium-
ased fuels in addition to the reference natural uranium fuel (noted
U from now on). ThO2, DUPIC-O2 and UO2 volume fractions,
ranium enrichment and ﬁssile contents metrics for both thorium-
ased fuels are presented in Table 2. Note that the homogeneous TU
thorium–uranium) fuel is placed in a CANFLEX 43-element bun-
le, while NU and TD (thorium-DUPIC) are placed in a 37-element
undle. For the TD fuel, ThO2 ﬁlls the central pin and the inner most
uel ring (7 pins) while the 2 outer rings are ﬁlled with DUPIC diox-
de. For this fuel, NUC = 0 since all the uranium it contains comes
rom recycling.
For fuels that respect the criteria of Eq. (6) when evaluated
ith coarse Wigner–Seitz cell model, we repeat the analysis using
he optimized cell model presented in St-Aubin and Marleau
2015). The mesh discretization for NU fuel is depicted in Fig. 2.
urnup calculations are then performed using the optimized
ell models. Fig. 4 illustrates k∞ burnup curves at constant
ower (Pcell = 615 kWth, typical of the CANDU reactor producing
total = 2064 MWth) as function of time t. The initial eigenvalue
∞(0), the static time tS and the cycle time tC for NU, TU and TD
uels are also illustrated in this ﬁgure. All the curves are governed
y 3 physical processes: the 135Xe dynamic with a rapid decrease
f the reactivity during the ﬁrst few days, the built-up of ﬁssion
roducts and the decreasing ﬁssile contents, both resulting in a
low reduction of the reactivity with burnup. Unlike the NU case,
he plutonium peak is not present for TD and TU fuels, since their
ssile contents (NEE) are much higher than for NU. The slope of the
D curve at the beginning of irradiation is lower than for the other
ases, because it already contains a large amount of irradiated fuel.
lobally, one needs a larger initial poison concentration (factor of
.3) for TD than for NU fuel. The static and cycle times for this fuel
re 2.2 and 2.6 times larger than that of the reference. For the TUing and Design 293 (2015) 371–384
fuel, maximal poisoning needs, tS and tC are respectively about 3.1,
3.6 and 4.3 times the values obtained for the NU fuel.
2.1.2. Reactor databases generation
The 2-group burnup-dependent fuel reactor databases are gen-
erated using the optimized cell models (St-Aubin and Marleau,
2015) combined with a homogeneous B1 leakage method (Petrovic
and Benoist, 1996) in order to obtain diffusion coefﬁcients that
are representative of core leakage. A reactor database containing
the reﬂector properties at the most probable core burnup BS =
PcelltS/mhe is also created, where mhe is the total initial heavy ele-
ment mass in the bundle. The multigroup library used for the 3D
reactivity device modeling is also generated at BS . Supercell calcula-
tions are then performed to generate the incremental cross sections
Gx (and diffusion coefﬁcients D
G) that reﬂect the impact of a
device on the cell averaged cross sections. The Gx are evaluated
using 3 successive transport calculations corresponding to differ-
ent supercell states. For the “IN” state, the device is totally inserted
in the supercell, or the LZC is totally ﬁlled with light water. For the
“OUT” state, the device is totally extracted, or the LZC is ﬁlled with
4He gas. For the “NO” state, the device is replaced with moderator.
The impact of a device (dev), its guide tube (tube) or both together
(total) on cell cross sections can be computed as:
Gx,dev = Gx,IN − Gx,OUT, (7)
Gx,tube = Gx,OUT − Gx,NO, (8)
Gx,total = Gx,IN − Gx,NO. (9)
We used the accelerated pseudo-exact approach described in
St-Aubin and Marleau (2015) to generate the reactivity devices
databases for all fuels and devices types.
2.2. Full core model
Once the fuel (burnup-dependent), reactivity devices and reﬂec-
tor 2-group cross section libraries are available, the full core model
can be set up. Typically, a Cartesian mesh is used to represent the
fuel bundles, the reactivity devices, the radial reﬂector and the
nonuniform cylindrical reactor vessel. There is no axial reﬂector
in CANDU to let fueling machines move freely. Along the Z-axis,
12 planes all 49.53 cm thick are deﬁned in order to associate one
region with every fuel bundle k in channel j. All the planes have
the same 2D Cartesian mesh that ﬁts exactly the fuel channels con-
ﬁguration. The radial reﬂector volume is simulated by regions of
variable height and width. To save on reﬂector, there is a 2-plane
thick notch in the reactor vessel at both ends. Some dummy  regions
are added to complete a rectangular prism. Here, we also replace
the physical no incoming ﬂux by zero ﬂux boundary conditions.
The 380 fuel channels are grouped into radial zones used for
various simulation purposes. Here, we  will distinguish 2 types
of zones: refueling zones (Nr = 95) with four channels having a
quarter-core rotation symmetry and burnup zones (Nz = 3) group-
ing several refueling zones together (Nj,z channels each). For our
model, burnup zone 1 has 36 channels and groups refueling zones
1–9; burnup zone 2 has 140 channels and groups refueling zones
10–44; and burnup zone 3 has 204 channels and groups refueling
zones 45–95. Fig. 5 presents the channels and refueling zones num-
bering, the burnup zone limits (coarse lines), the reﬂector regions
present all along the reactor axis (R) and those present only in the
8 middle planes (R).
Reactivity devices are then superimposed on the nuclear lattice.
3D Cartesian boxes (49.53 cm long, 28.575 cm wide, variable height
in Y) centered between 2 fuel channels represent the volume that
is directly affected by the presence of fully inserted devices
(ﬁlled LZC). Since a particular device can be deﬁned with different
E. St-Aubin, G. Marleau / Nuclear Engineer
Fig. 5. CANDU quarter core with channels and refueling zones identiﬁcation, burnup
zones limits and reﬂector regions.
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Fig. 6. Conﬁguration of reactivity devices in the XZ-plane.
onﬁgurations (or compositions for LZC) along its height, in general
hese boxes are divided into several parts of variable heights along
he Y-axis. To simulate the motion of a device, the associated box
nd all its parts are moved in tandem. The position Yd of device d
in % of full insertion) is deﬁned relative to the declared box in the
ore. For LZC ﬁlling, the boundary between the ﬁlled and emptied
arts is modiﬁed, but the box position remains unchanged. Note
hat a ﬁxed box is also declared for every guide tubes, denoted t.
ig. 6 illustrates reactivity devices conﬁguration in the XZ-plane.
The diffusion system can then be set up. For known fuel bundle
urnup Bjk and reactivity device positions Yd, the lattice properties
re given by
G
x,jk(Bjk, Yd) = Gx (Bjk) + Gx,jk(Yd), (10)ing and Design 293 (2015) 371–384 375
with Gx (Bjk) directly interpolated for cell jk in DONJON from the
burnup-dependent fuel database. If a portion p of device d in
position Yd crosses a core region jk (volume Vp,djk (Yd)), the fuel
macroscopic cross sections are incremented by G,p
x,dev weighted
by the volume fraction the device occupies. Fixed guide tubes
(denoted t) are taken into account in the same way. As a result,
we have:
Gx,jk(Yd) =
∑
d
∑
p∈d
Vp,d
jk
(Yd)
Vjk
G,p
x,dev +
∑
t
V t
jk
Vjk
G,t
x,tube, (11)
where Vt
jk
represents the volume occupied by a guide tube in the
cell jk and Vjk is the volume of the cell.
3. Fuel management optimization
Having discarded noninteresting fuels based on the inﬁnite lat-
tice calculations and set up an accurate core model, the next step
is to maximize the potential of the remaining fuels by applying an
appropriate on-power refueling strategy. To reach this goal, the
core analysis passes through 2 simulation steps: (1) an asymp-
totic time-average state and (2) several instantaneous states likely
to occur during the operation of the reactor and used to quantify
departures from equilibrium of the main core characteristics. In
this section, we ﬁrst present the on-power refueling process and
describe the time-average model used to achieve the equilibrium
state. Then, we  discuss the optimization procedure we propose for
the refueling strategy that maximizes the core average exit burnup
while respecting the fundamental constraints required to ensure
core integrity. Finally, a simple way to generate instantaneous
states is presented.
3.1. On-power refueling and time-average model
To characterize the CANDU on-power refueling process, we  will
use a strategy that is divided in 2 components. The axial strategy
that represents the number ns of fresh fuel bundles loaded in a
channel at once (see Fig. 1) controls the ﬂux shape along the core
axis. Here, we consider a constant axial strategy for every chan-
nels. The radial strategy is related to the channels refueling rate
and is expressed in terms of the time-average channel exit burnup.
Both strategies are mainly selected to ﬂatten the ﬂux distribution in
the core and avoid thermal-hydraulic limits while maximizing the
energy extracted from the fuel under particular power constraints.
Using a ﬁxed refueling strategy leads to an equilibrium state
that is reached after several months of normal operation. As the
core is refueled (starting at t ≈ tS), the average burnup of bundles
discharged increases, as well as the average in-core fuel burnup.
As a result, the insertion of reactivity due to refueling increases.
Consequently, the refueling period Tj , deﬁned as the time period
elapsed between two successive refuelings of the channel j, gradu-
ally increases and tends to a maximal value Tj . Then, the refueling
rate and the average device positions become almost constants, as
long as the refueling strategy and the physical parameters of the
core remain unchanged. This asymptotic static state is maintained
by operators during most of a CANDU lifetime.
Modeling such a state requires adequately averaged macro-
scopic cross sections and diffusion coefﬁcients, in such a way that
the refueling strategy is implicitly taken into account. Considering
a burnup distribution Binitialjk before the last refueling, a constant
bundle power distribution Pjk between refuelings and a burnup
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ncrement ıBjk for bundle k in the channel j for a period Tj , the ﬁnal
urnup distribution is
ﬁnal
jk = ıBjk + Binitialjk =
PjkTj
mhe
+
{
0, k ≤ ns
Bﬁnalj(k−ns), k > ns
, (12)
here Pjk is given by
jk =
∑
G
HGjk
G
jk, (13)
ith G
jk
the 2-group diffusion ﬂux in the region jk of the core and
G
jk
the energies recovered by ﬁssion in group G times the ﬁssion
ross sections G
f,jk
. Rozon et al. (1981) deﬁned the time-average
hannel exit burnup Bej as
e
j =
1
ns
12∑
k=1
ıBjk =
1
ns
12∑
k=1
PjkTj
mhe
= PjTj
mhens
, (14)
here Pj =
∑
kPjk is the channel power and the bar notation indi-
ates asymptotic values at equilibrium, i.e. when Tj → Tj . Note that
he time-average bundle burnup increment can also be expressed
s ıBjk = nsBej jk, where jk = Pjk/Pj is the time-average axial
ower shape. The time-average lattice properties are then com-
uted using
G
x,jk = 
G
x (B
initial
jk , B
ﬁnal
jk ) + Gx,jk(Yd) (15)
here
G
x (B
initial
jk , B
ﬁnal
jk ) =
1
nsBej jk
∫ Bﬁnaljk
Binitialjk
Gx (Bjk)dBjk (16)
nd G
x,jk
(Yd) is deﬁned in Eq. (11) with the devices in their nom-
nal position: YADJ = 100%, YLZC = 50% and YMCA = YSOR = 0%.
To represent accurately the axial symmetry in the core provided
y bi-directional refueling and coolant ﬂow, the axial power shape
s averaged over each refueling zone r, such that
rk =
∑
j∈rPjk∑
j∈r
∑
kPjk
= jk, j ∈ r. (17)
he refueling zones are also used to compute the symmetrical 2-
roup axial ﬂux shape
G
rk =
∑
j∈r
G
jk∑
j∈r
∑
k
G
jk
= ϕGjk, j ∈ r, (18)
hich is strongly related to jk. Here, 
G
jk is the 2-group diffusion
olution obtained with 
G
x,jk deﬁned in Eq. (15). To simplify the
adial description of the time-average core, the time-average chan-
el exit burnups are assumed to be constants over each burnup
one: Bez = B
e
j for j ∈ z.
With this model, the time-average exit burnup averaged over
he core 〈Be〉 and the time-average core refueling rate F are respec-
ively
Be〉 = 1
380
380∑
j=1
Bej =
1
380
3∑
z=1
Nj,zB
e
z , (19) =
380∑
j=1
Fj =
380∑
j=1
1
Tj
= 1
mhens
380∑
j=1
Pj
Bej
= 1
mhens
3∑
z=1
Pz
Bez
, (20)ing and Design 293 (2015) 371–384
where Pz =
∑
j∈zPj is the time-average zone power. The 3-burnup
zone radial refueling strategy can be deﬁned as the relative time-
average zone exit burnup. For simplicity, a vector notation will be
used for the burnup vector B and the radial refueling strategy R:
B = [Be1 B
e
2B
e
3]
T = Be1[1 R2R3]T = B
e
1
R. (21)
3.2. Refueling strategy optimization
CANDU fuel management optimization at equilibrium has
been widely investigated in the past. Rozon et al. (1981) have
implemented an optimization method based on the ﬁrst-order gen-
eralized perturbation theory (GPT) applied to 2-group diffusion
equation in the ﬁrst version of the OPTEX (OPTimization EXplicit)
code. The code capabilities were then extended by Alaoui (1985),
Nguyen (1987), Beaudet (1991), Tajmouati (1993) and Chambon
(2006). The objective has always been to minimize, under con-
straints, the fuel cost per unit burnup represented by the objective
function
FC =
1
Ptotal
∑
j
Cj
Bej
Pj, (22)
where Cj is the cost of a bundle loaded in the channel j and Ptotal
is the thermal power of the reactor. A decision vector D collecting
the main core characteristics (eigenvalue, zone exit burnups, etc.) is
used to represent the core behavior. The evaluation of the gradient
∇ DFC around a feasible point Dn allows to aim step-by-step toward
D corresponding to the optimal fuel management for a given fuel.
Chambon et al. (2007), Chambon and Varin (2008) have exam-
ined alternative gradient and metaheuristic methods, such as the
multi-step (MS), the augmented Lagrangian (AL) and the Tabu-
search (TS) methods to minimize FC. Basically, the MS  method
consists in solving sequentially several optimization problems to
meet all constraints one after the others. For the AL method, the
constraints are directly introduced into the objective function as
additional penalty terms. Unlike gradient methods, TS allows to get
out of a local extremum by letting the AL-like objective function
gets worse during an exploratory phase. Then, an intensiﬁcation
phase is carried out in the vicinity of the best estimate to reﬁne the
optimum D.
These developments have inspired the method proposed in this
paper that consists in maximizing 〈Be〉 deﬁned in Eq. (19) subject
to time-average convergence of the macroscopic cross sections and
diffusion coefﬁcients (see Eq. (16)), criticality, bundle and channel
power constraints. We  selected a MS-like method implemented
with 3 embedded iteration levels. First, the axial iteration level is
used to converge the time-average lattice properties for an imposed
burnup vector B. For the critical iteration, convergence is on keff = 1
for a ﬁxed radial refueling strategy R.  Finally, the radial iteration
determines the optimal radial refueling strategy R by maximizing
an AL-like objective function.
3.2.1. Axial iteration
The axial iteration has the difﬁcult task to solve the non-linear
problem of discrete refueling in CANDU reactor using the time-
average approach. Since the time-average fuel properties (see Eq.
(16)) depend (indirectly) on the axial ﬂux shape, it is crucial to
determine precisely ϕGjk, in such a way  that it is coherent with the
refueling strategy (ns, R). Thus, the axial iteration goal is to make
the sequence ϕG,naxialrk converge to ϕ
G
rk with a maximal error εaxial ≤
εmaxaxial. The axial convergence parameterεnaxialaxial = max
r,k,G
∣∣∣ϕG,naxialrk − ϕG,naxial−1rk ∣∣∣
ϕ
G,naxial
rk
(23)
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naxial. Otherwise, a bound B1 has been found and the algorithm
takes path A: adjusts Be1, resets Bjk accordingly and naxial to 0 beforeE. St-Aubin, G. Marleau / Nuclear En
s computed at each iteration naxial. An axial iteration consists in
efueling the core with a ﬁxed B, and then performing a time-
verage diffusion calculation. This calculation sequence is repeated
ntil the stopping criterion of the axial iteration (εnaxialaxial < ε
max
axial) or
he maximal number of iterations (naxial = nmaxaxial) is reached.
Before the ﬁrst iteration is performed, ϕG,0
rk
is initialized using
 cosine shape over the 95 refueling zones, whereas the burnup
one average exit burnups Bez are initialized according to Eq. (21)
sing Be,01 = 8 GWd/The and the imposed R.  This sets the initial bur-
up distribution B0jk = Binitialjk = Bﬁnaljk and the fuel macroscopic cross
ections (by direct interpolation in the database) over the core.
All channels are then refueled with ns fresh bundles which mod-
ﬁes the distribution Bﬁnaljk according to Eq. (12). This is where the
istinction between the refueling and the burnup zones is impor-
ant. Since each refueling zone has channels with axial and radial
ymmetries placed in a similar neutronic environment, the zone
efueling causes symmetrical and low amplitude perturbations of
G,naxial
rk when compared with ϕ
G,naxial−1
rk . This makes the conver-
ence easier especially for a refueling strategy poorly adapted to a
articular fuel. If a model using Nr = 380 refueling zones counting
nly Nj,r = 1 channel per zone is used instead, divergent oscillations
f ϕG,naxialrk are observed since the axial symmetry is not taken into
ccount. Physically, as soon as Bez is too high, a ﬂux distorsion is
nduced toward the channel front-end and the equilibrium cannot
e reached since this effect is ampliﬁed at each iteration. On the
ther hand, if Nr = Nz (one refueling zone per burnup zone) is small,
he quality of the diffusion solutions 
G,naxial
jk greatly decreases since
he axial power shape is evaluated over zones that are too large and
ne refueling effects are lost during the averaging process. In other
ords, 
G
x is ill-deﬁned even at equilibrium. Finally, if Nr = Nz is
arge, the optimized refueling strategy would be difﬁcult to repro-
uce in reality, since it would be deﬁned over regions that are too
mall. Therefore, our model combines the advantages of having
mall refueling zones to take into account the ﬁne axial refueling
ffects and large burnup zones to deﬁne a realistic radial refueling
trategy.
Once the diffusion system is initialized, DONJON solves it to
etermine the multiplication factor keff and the 2-group ﬂux over
he whole core. The axial ﬂux shape and the axial convergence
arameter are then evaluated using Eqs. (18) and (23). Note that
ccording to Eq. (23), it is necessary to perform at least 2 axial
terations before considering εnaxialaxial to be meaningful. Finally, the
iffusion solution is normalized to the core total thermal power
total = 2064 MWth.
.2.2. Critical iteration
The equilibrium state is reached in a critical reactor once the
xial refueling iteration has converged and the components of B
ecome maximal. The critical iteration objective is ﬁnding the root
critical of the equation for the time-average departure from criti-
ality:
keff(B) = 105 pcm × [keff(B) − 1] = 0. (24)
ince the refueling strategy is imposed at this level, the departure
rom criticality is a function of only the variable Be1 according to Eq.
21). The root Be1,critical is found using the Brent’s method (Brent,
973) implemented in the FIND0: module of the GAN Generalized
river (Roy and Hébert, 2000) that manages the DRAGON and DON-
ON codes. As input parameters, this algorithm requires an interval
e,− e,+ e,− e,+B1 , B1 ] such that ıkeff(B1 ) × ıkeff(B1 ) < 0, a maximal num-
er of iteration nmaxcritical and a tolerance ıBe1
> 0. Here, we  have used a
ery small tolerance and we have veriﬁed, as an external condition
o the Brent’s method, that ıkeff(Be1,critical) ≤ εmaxcritical.Fig. 7. Algorithm for the equilibrium search.
Choosing an adequate interval [Be,−1 , B
e,+
1 ] is not a simple task.
Even if information on Be,±1 can be deduced from the cycle time
tC (〈Be〉 ≈ PcelltC/mhe), a preliminary search must be carried out to
initialize the Brent’s algorithm adequately. To do so, we have imple-
mented a trial-and-error bounds search algorithm that has the role
of ﬁnding 2 axially converged time-average core states with depar-
tures from equilibrium ık±eff = ıkeff(B
e,±
1 ) such that |ık±eff| < ıkmaxeff .
In order to converge to a critical equilibrium, it is necessary to
verify the effect of the guessed B on the axial convergence after
each axial iteration performed during the bounds search and the
critical iteration since εnaxialaxial depends indirectly on B
e
1. A logic to
control input parameters has been set up based on the physics of
on-power refueling. Its objective is to accelerate the convergence
when possible by choosing more appropriate input parameters and
to eliminate problematic cases using comparable quantitative crite-
ria. Fig. 7 depicts the equilibrium search algorithm, whereas Fig. 8
presents the input parameters control logic used during the bounds
search.
Once the axial convergence has been achieved, the departure
from criticality is assessed in order to determine if a bound has
been found. If |ıknaxialeff | ≥ ıkmaxeff , the algorithm takes path C (see
Figs. 7 and 8): adjusts the guessed Be1, resets the burnup distribu-
tion Bjk accordingly (as described in Section 3.2.1) and increments
e,±Fig. 8. Control logic for the bounds search.
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ically, Plimjk = 860 kW and P
lim
j = 6700 kW (Chambon et al., 2007).
For a critical reactor with low maximal bundle (Pmaxjk = max
jk
Pjk) and
Table 3
Equilibrium search parameters.
Iteration level Parameter Value
Axial Be,01 8 GWd/The
nmax
axial
20
εmax
axial
5 × 10−2
εmin
axial
5 × 10−478 E. St-Aubin, G. Marleau / Nuclear En
earching for the second bound. In all cases, the adjustment of Be1
s performed using
e,naxial+1
1 = B
e,naxial
1 + B
e
1(ık
naxial
eff ), (25)
here
Be1(ıkeff) =
ıkeff
|ıkeff|
×
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
10,  if |ıkeff| > 7500
5, if 7500 ≥ |ıkeff| > 5000
2, if 5000 ≥ |ıkeff| > 2500
1, if 2500 ≥ |ıkeff| > 1000
0.5, otherwise
(26)
ith ıkeff given in pcm (see Eq. (24)) and Be1 in GWd/The.
If εnaxialaxial ≥ εminaxial and naxial < 2, ϕ
G,naxial
rk is still biased by the ini-
ialization, thus another axial iteration is performed with the same
nput parameters by following path B. If naxial ≥ 2, the algorithm
eriﬁes if the sequence εnaxialaxial is decreasing (ε
naxial
axial < ε
naxial−1
axial ). In
hat case, and if the maximal number of axial iterations has not
een reached, the algorithm takes again path B. However, if εnaxialaxial ≥
naxial−1
axial , or naxial ≥ nmaxaxial and εnaxialaxial < εnaxial−1axial (see Fig. 8), the algo-
ithm veriﬁes if an acceptable convergence level (εnaxialaxial < ε
max
axial),
orresponding to the tolerance on the time-average cross sections
eﬁned in Eq. (16), is achieved.
If the latter condition is respected, the algorithm then checks if
ıknaxialeff | < ıkmaxeff : in the afﬁrmative, a bound has been found and the
lgorithm continues on path A. Otherwise, Cmax additional chances
re given to the current cycle to achieve one of the cases already
resented by adjusting Be1, resetting ϕG,naxialrk and Bjk and restart-
ng an axial iteration (path D). Here, all the input parameters are
eset since the last time-average ﬂux distribution is very far from
he desired behavior. The algorithm will then try to reach the equi-
ibrium from a more realistic Be1. However, if C > Cmax the refueling
trategy is deﬁnitively rejected for the current fuel (path F).
In the case where εnaxialaxial ≥ εmaxaxial and 0 > −ıkmaxeff ≥ ıknaxialeff , the
efueling strategy (ns, R)  is directly rejected (path F). Indeed, if
naxial
axial exceeds ε
max
axial after at least 2 axial iterations but the sequence
s still decreasing, this indicates that the convergence is slow for the
mposed input parameters. Moreover, Be1 will have to be decreased
efore the next iteration (Be1(ıknaxialeff ) < 0), thus decreasing the
efueling effect on the core reactivity. Therefore, the next set of
nput parameters will slow down even more the axial convergence
nd the equilibrium cannot be found within the limits of the algo-
ithm. However, if ıknaxialeff ≥ ıkmaxeff > 0, the axial convergence rate
ould be improved using input parameters more adapted to the cur-
ent fuel and refueling strategy since Be1(ıknaxialeff ) > 0, but the logic
f chances (C) is activated again. Note that the number of chances C
llowed is always incremented whenever the logic is activated and
ndependently of the path leading to its activation. This logic can
e totally removed from the algorithm, but could lead to an early
ejection of a refueling strategy. We  decided to give more chances
o the candidates to reach the equilibrium at this level and discrim-
nate them later (if needed) during the radial iteration presented in
ection 3.2.3.
The bounds search algorithm is executed as often as needed
unless the refueling strategy is rejected) to ﬁnd the 2 bounds
e,±
1 necessary to initialize the Brent’s method. When a bound is
ound, it is compared with those found before. Only the bounds
hat are the closest to criticality are kept in memory. Once the
 bounds are known, they are input in the FIND0: module that
eturns an estimate Be,ncritical1 of the root B
e
1,critical. Axial iterations arehen performed using this estimate until axial convergence. Then,
f ıkncriticaleff ≤ εmaxcritical, the solution is considered to be the equilib-
ium state (path E). Otherwise, Be,ncritical+11,critical is deﬁned according to
q. (25) and is used with R to  reset Bjk, and so on. If the Brent’sFig. 9. Control logic for the critical iteration.
method does not converge, the refueling strategy is rejected. Dur-
ing the critical iteration, the control logic used during the bounds
search (Fig. 8) is replaced with that presented in Fig. 9. The main dif-
ferences between the two logics are: the stopping criterion εminaxial is
replaced by εˆminaxial = max{ε+axial, ε−axial, εminaxial} that takes into account
the precision previously obtained on the bounds; the condition
naxial < 2 is removed since good estimates of the equilibrium state
are already known; and ﬁnally, the convergence on the criticality
is now explicitly |ıkncriticaleff | < εmaxcritical. Table 3 presents the modeling
parameters used for the equilibrium search algorithm.
3.2.3. Radial iteration
Now that a stand-alone algorithm able to determine the equi-
librium state for a given refueling strategy (ns, R) is available, it
is implemented in a larger calculation scheme to ﬁnd the optimal
radial refueling strategy R(ns) for a given fuel composition and
axial refueling strategy ns. This optimum depends on the optimiza-
tion constraints and search methodology considered. As mentioned
at the beginning of Section 3.2, most of the optimization methods
cannot get out of a local extremum during the search, and thus may
tend to a local optimum. Gradient and alternative gradient methods
are thus based on the implicit assumption that the objective func-
tion is concave all over the search domain. Our method is based
on the same simplifying assumption, but we  will check if the opti-
mum R(ns) leads to adequate time-average core characteristics
using some post-optimization selection criteria in Section 4.
The notion of optimal fuel management is based on the funda-
mental constraints that must be respected at all time. In addition
to criticality, the power distribution must be shaped in such a way
as to avoid damages to the reactor. Here, we  consider two ther-
mal  phenomena that could compromise the core integrity. First, a
time-average bundle power limit Plimjk is imposed to prevent fuel
damage. The critical heat ﬂux can also be achieved if the channel-
integrated power exceeds the coolant ﬂow capacity to extract the
heat from the fuel bundles in the channel. Cladding dry out is
avoided by imposing a time-average channel power limit Plimj . Typ-Bounds search ıkmax
eff
500 pcm
Critical Cmax 5
nmax
critical
100
εmax
critical
1 pcm
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hannel (Pmaxj = max
j
Pj) power peaks, it is also crucial to ensure
hat the refueling machines can follow the pace imposed. Since the
ime-average channel exit burnup Bej is proportional to the channel
efueling period Tj (see Eq. (14)), the objective of maximizing the
ore average exit burnup 〈Be〉 is equivalent to time-average core
efueling rate minimization.
In order to take simultaneously into account all constraints dur-
ng the optimization, we deﬁne an AL-like objective function
(εaxial, Pmaxjk , P
max
j , 〈B
e〉) = E(εaxial) + P(Pmaxjk , P
max
j ) + B(〈B
e〉)
(27)
s the sum of 3 terms. The E penalty term is a negative step function
elated to the axial convergence obtained for the refueling strategy
 (ns):
(εaxial) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
−500, if 5 × 10−2 ≤ εaxial
−10, if 1 × 10−2 ≤ εaxial < 5 × 10−2
−4, if 5 × 10−3 ≤ εaxial < 1 × 10−2
−1, if 1 × 10−3 ≤ εaxial < 5 × 10−3
−0.5 , if 5 × 10−4 ≤ εaxial < 1 × 10−3
0, otherwise.
(28)
he P term is also a negative step function that qualiﬁes how far
he system is from respecting the time-average power constraints:
(Pmaxjk , P
max
j ) =
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
−200, if Pmaxjk > P
lim
jk and P
max
j > P
lim
j
−100, if Pmaxjk ≤ P
lim
jk and P
max
j > P
lim
j
−50, if Pmaxjk > P
lim
jk and P
max
j ≤ P
lim
j
0, otherwise.
(29)
inally, the B term is simply the ratio of the core average exit burnup
o the reference core average exit burnup 〈Beref〉:
(〈Be〉) = 〈B
e〉
〈Beref〉
. (30)
herefore, for the reference cycle, 
 = 1. Physically, the maximi-
ation of 
 is equivalent to searching for a coherent and critical
ime-average ﬂux distribution 
G
jk that maximizes the core average
xit burnup 〈Be〉 while maintaining the power peaks below the lim-
ts imposed by the cooling system. Note that if the algorithm is not
ble to ﬁnd a critical time-average state, 
 is automatically sets to
500.
The algorithm in charge of maximizing the objective function
s divided in two phases. First, an exploration phase (nradial = 0)
pans R2 and R3 in all directions (see Eq. (21)) in the vicinity of the
nit radial refueling strategy 1 = [1 1 1] (R2 = R3 = 1) in order to
etermine the optimal radial refueling strategy Rnradial . We  selected
2 ∈
{
7
8 , 1,
5
4
}
and R3 ∈
{
7
8 , 1,
5
4
}
for this exploration phase, for
 total of 9 possible combinations of time-average exit burnup
adial proﬁles Rmnradial . We  introduced an asymmetry between the
ub-domains R ≥ 1 and R < 1 since the Rz are deﬁned relative to
he central burnup zone and we expect Be1 to be larger than B
e
2
nd Be3 (Chambon, 2006). The maximal uncertainties R±z,nradial =
(Rz − 1) on Rz,nradial in the sub-domains Rz ≥ 1 (+) and Rz < 1 (−)
re respectively 1/4 and 1/8 in such a way that the domain Rz < 1
s scanned with a ﬁner mesh. For completeness, the sub-domain
z ≥ 1 is also scanned since for a 1D reﬂected reactor continuously
nd bi-directionally refueled, the optimal exit burnup proﬁle favors
 lower burnup at the center of the core (Wight and Girouard, 1978).ing and Design 293 (2015) 371–384 379
Once the exploration phase is completed, the intensiﬁcation
phase (nradial >0) is carried out in the same way, except that the
starting point is not 1,  but Rnradial−1 which is already known. Con-
sequently, the intensiﬁcation subsets count only 8 steps:
• R2,nradial−1 ± R
±
2,nradial
with R3,nradial−1 ± R
±
3,nradial
,
• R2,nradial−1 ± R
±
2,nradial
with R3,nradial−1,
• R2,nradial−1 with R

3,nradial−1 ± R
±
3,nradial
,
with R±z,nradial = R
±
z,nradial−1/2 in such a way that the maximal
uncertainty on Rz is divided by a factor of 2 at each iteration. Con-
trarily to the Tabu search method, the algorithm is not able to get
out of a local extremum, since it evaluates the objective function
only in the vicinity of the last pre-computed optimum. The optimal
R(ns) is assumed to be found after 3 radial iterations (nradial = 2).
The associated maximal uncertainties are thus 1/16 if Rz ≥ 1 and
1/32 if Rz < 1. More details on the optimal radial refueling strategy
search algorithm are provided in St-Aubin and Marleau (2011) and
St-Aubin (2013).
3.3. Instantaneous states
Instantaneous calculations consist simply in computing the ﬂux
distribution G
jk
for a known burnup distribution Bjk and reactivity
device positions. Therefore, only one diffusion calculation is needed
per instantaneous state, provided credible burnup distributions are
available. To determine burnup distributions Bjk representative of
the on-power refueling, we use the bundle age
Ajk =
Bjk − Binitialjk
ıBjk
= Bjk − B
initial
jk
nsBej jk
(31)
which is based on the pre-computed optimal equilibrium state.
Assuming that Bjk is linear with time (or that Pjk and ıBjk are
constants), the bundle age Ajk should be the same for all bundles
k ≤ ns in the channel j at equilibrium. If one considers that this age
is the same for all 12 bundles in channel j, the channel age Aj is
then deﬁned as a fraction of the time-average refueling period Tj
(0 ≤ Aj ≤ 1) and represents the elapsed time since the last refuel-
ing of the channel. Moreover, assuming that Pjk varies linearly with
time in the vicinity of Pjk, then Pj > Pj for channels with Aj < 12 ,
whereas Pj < Pj for channels with Aj > 12 . With this channel age
model, any instantaneous core state occurring after the equilibrium
(assuming that the same conditions remain) can be represented by
a channel age distribution, such as
Bjk = Binitialjk + AjkıBjk ≈ Binitialjk + AjıBjk. (32)
Since Aj is nearly linear with time, then the core averaged chan-
nel age 〈Aj〉 = 1380
∑
jAj = 12 and the resulting core state should be
almost critical (ıkeff ≈ 0). To generate such channel age distribu-
tions, we decided to apply a pre-determined channel age pattern
Oj ∈ N∗, such as
Aj =
Oj − 〈Aj〉
380
= Oj − 1/2
380
,  (33)
where 1 ≤ Oj ≤ 380 and Oj represents the refueling order of chan-
nel j.
The algorithm used to assign Oj to each channel is based on a
subdivision of the core into 16 blocks counting at most 36 chan-
nels. First, one chooses in which block the next channel will be
refueled, followed by the selection of the channel in the block. A
channel fueling sequence common to all the blocks is used. This
tends to scatter the refueled channels across the core and thus
to underestimate the hot spots. However, this is coherent with
380 E. St-Aubin, G. Marleau / Nuclear Engineering and Design 293 (2015) 371–384
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he perturbation resulting from refueling a channel. The chan-
el age pattern Oj and block limits we selected are depicted in
ig. 10.
Another instantaneous state of interest is the fresh core. This
tate is characterized by a zero burnup distribution. Since we  do
ot simulate explicitly soluble poisons in moderator, the departure
rom criticality ıkeff = keff − 1 indicates the poison requirements at
OC and can be used to validate the criticality threshold k∞(tS)
eﬁned to correct the inﬁnite lattice model in Section 2.1.1. The
nstantaneous bundle and channel power peaks indicate the addi-
ional ﬂattening needed in the center of the core, which is achieved
n practice by substituting fresh fuel bundles by bundles ﬁlled with
epleted uranium. The fresh core is also independent of ns and
 (ns).
. Advanced fuel cycles selection
Once the cell and the reactivity devices supercell calculations
ave been performed with DRAGON for the fuels that respect the
onditions given in Eq. (6), the 3 core states described in Section 3
optimal equilibrium, refueled core and fresh core) are simulated
ith DONJON. Using the preliminary selection process presented
n Section 2.1.1, we have identiﬁed 200 thorium-based fuels mixed
ith various driver fuels made of LEU (eU ≤ 5 wt.%) and DUPIC in
ifferent homogeneous and heterogeneous conﬁgurations includ-
ng the NU, TU and TD fuels presented in Table 2. Since for some
uels different axial refueling strategies are acceptable, we  also
onsidered two refueling options, namely: ns = 4 and ns = 8. The
hange in ns affects the axial ﬂux and power shapes, as well as
he core refueling rate. The ns = 2 option has also been studied
n details (Morreale et al., 2012), but strongly affects the reactiv-
ty devices efﬁciency and thus defeats the purpose of trying to
dentify fuel cycles that could be exploited with minimal modiﬁca-
ions to the existing CANDU reactors. Therefore, we have submitted
00 different cycles to the simulation process described in Section
.
In this section, we discuss how the ﬁnal cycles selection is per-
ormed using criteria relative to the ﬁnite core behavior for the 3
imulated states. Then, detailed analysis of the time-average equi-
ibrium is presented and compared with the instantaneous states
hat are also used to validate the modeling techniques presented
efore..1. Selection criteria
The global quality of advanced fuel cycles is judged in terms of
ts ability to avoid core damages and to ensure cycles exploitabilitynerated by the block method.
at all time. A ﬁnal selection is also performed to narrow the number
of eligible advanced cycles for reactivity devices optimization.
Only advanced fuel cycles satisfying the following condition (see
Eq. (27)) were selected:

(εaxial, Pmaxjk , P
max
j , 〈B
e〉) = E(εaxial) + P(Pmaxjk , P
max
j ) + B(〈B
e〉) ≥ 1.
(34)
This is possible only if the channel and bundle power peaks are
lower than the pre-imposed limits and the core average exit burnup
〈Be〉 is at least as high as the reference. An accurate axial conver-
gence parameter εaxial ≤ 5 ×10−3, which results in E ≥ −4 according
to Eq. (28), must also be achieved because the term related to bur-
nup (see Eq. (30)) could possibly compensate for the E penalty.
The safety criteria must also be respected for the 2 instantaneous
states. The bundle and channel power peaks are generally higher for
instantaneous states than for time-average model. The limits for the
former are then taken as the explicit licensing limits: Plimjk = 935 kW
and Plimj = 7300 kW increased by 10%. This accounts for the fact that
the channel age pattern selected for refueling does not minimize
power peaks. As a result, the instantaneous safety criteria are:
Pmaxjk,fresh ≤ Plimjk and Pmaxj,fresh ≤ Plimj (35)
Pmaxjk,refueled ≤ 1.1 × Plimjk and Pmaxj,refueled ≤ 1.1 × Plimj (36)
Finally, the refueling machines must be able to follow the refu-
eling pace imposed by the refueling strategy R(ns). Since this
capacity is related to the refueling frequency F, we impose a last
selection criterion:
F ≤ Fref, (37)
where Fref is the frequency of the NU cycle.
Out of the 400 cycles submitted to the simulation process,
198 are eliminated based on Eq. (34). Among those, 39 cycles did
not have at least one equilibrium state; 154 cycles are discarded
because the bundle and/or the channel power limits are exceeded;
and 5 cycles are eliminated because the B term is unable to com-
pensate for the axial convergence penalty. Eq. (35) does not affect
the 202 remaining cycles, but Eq. (36) eliminates 99 cycles among
those. Finally, Eq. (37) discriminates 35 of the 103 remaining cycles.
Note that these 35 cycles use a ns = 4 axial refueling strategy, since
cycles using ns = 8 are less sensitives to Eq. (37), as will be explained
in Section 4.2.Among the 68 cycles that met  all the selection criteria, a few
were selected for reactivity devices optimization. Even if these 68
cycles equal or exceed the reference cycle performances, and that
it would be tempting to choose the ones with the higher ﬁssile
E. St-Aubin, G. Marleau / Nuclear Engineer
Table  4
Time-average characteristics at the optimal equilibrium for NU, TU and TD cycles.
Cycles NU TU TD
ns 8 4 4
εaxial 4.25E−5 2.93E−4 2.96E−4
R2 0.938 0.969 0.906
R3 0.875 0.906 0.875
Pmaxjk (kW) 838 818 845
Pmaxj (kW) 6685 6681 6690
〈Be〉 (GWd/The) 7.254 32.701 18.228
F (day−1) 1.78 0.85 1.44

  1 4.508 2.513
FIR  0.709 0.544 0.479
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/NEE  1 1.563 1.371

/NUC  1 1.604 –
esources conversion, the economical maximization is not compat-
ble with high conversion. To maximize the ﬁssile inventory ratio
eﬁned in Eq. (3), two competing processes must be taken into
ccount: the accumulation of the precursors (233Th and 233Pa for
33U; 239U and 239Np for 239Pu) up to their saturation concentra-
ions, and the increasing 233U (and 239Pu) consumption by ﬁssion
ue to the decreasing concentration of the initial ﬁssile nucleus.
hus, the optimal cycle time tC, from a fertile conversion point-of-
iew, lies between the plutonium peak (∼50 days, if present) and
he saturation time of the 233Pa (∼200 days). However, this cycle
ime can be widely exceeded for fuels with high ﬁssile contents
see Fig. 4), and even more if one maximizes 〈Be〉. Here, we concen-
rate our analyses only on the NU, TU and TD cycles presented in
able 2, but the behavior of 4 other thorium-based cycles were also
nalyzed in details in St-Aubin (2013). From now on, the NU fuel is
ssociated with the axial refueling strategy ns = 8, whereas the TU
nd TD cycles use ns = 4.
.2. Optimal equilibrium state
Table 4 presents the main time-average characteristics of our
U, TU and TD fuel cycles. Good agreement is found between the
ptimized core average exit burnup 〈Be〉 and refueling frequency F
or the reference NU cycle and the values published in the litera-
ure (7.5 GWd/The and 2 channels per day respectively) (Rouben,
984). The small differences observed are due to multiple fac-
ors, including the core modeling options and the radial refueling
trategy optimization. Globally, all the cycles have at least one time-
verage equilibrium state, since their axial convergence factors are
elow the εminaxial limit (E = 0). The core average exit burnup maxi-
ization impacts directly the time-average channel power peaks
max
j . Indeed, for a given time-average channel power limit, 〈B
e〉 is
aximal for a ﬂat channel power distribution (Pj = Plimj ). This is
ot achievable here since leakage effects cannot be compensated
y refueling (see Eq. (20)) because of the relatively low number of
urnup zones. The same phenomenon is observed for bundle power
eaks, except that non-linear refueling effects are also (directly)
nvolved. As a result, all the power peaks are very near the imposed
imits (Pmaxjk ≥ 818 kW,  P
max
j ≥ 6681 kW), but never exceed them
P = 0). Thus, 
 = B(〈Be〉) for all cases.
We also observe that higher 〈Be〉 means lower F.  Assuming that
he channel power distributions are the same for all cycles (Pj = P′j),
hen: nsF〈Be〉 = n′sF
′〈Be〉′. For instance, the TU bundles stay approx-
mately twice as long in the core as the NU bundles, since 〈Be〉 is
bout 4 times greater but only half of the bundles are loaded at once.
e
ssuming that 〈B 〉 is mainly governed by the ﬁssile contents, this
lso explains why the ns = 4 option is more sensitive to the criterion
f Eq. (37) for a given fuel composition. In general, we  observe that
he cycles based on ns = 8 are more difﬁcult to manage than thoseing and Design 293 (2015) 371–384 381
with ns = 4 under the reference power limits, since the selection
criteria favor fuels with a high ﬁssile contents.
It is also interesting to compare the core average exit burnup
〈Be〉 computed using the time-average model with the simpliﬁed
lattice exit burnup. For the NU cycle, the relative difference between
PcelltC/mhe and 〈Be〉 is −8.3%, whereas it is −4.7% and −3.3% for TU
and TD cycles, respectively. PcelltC/mhe is lower than 〈Be〉 because
the optimization procedure maximizes 〈Be〉. As a result, we con-
clude that the inﬁnite lattice leakage correction ıkleaks is relatively
well-adapted for our cycles, but could be ﬁnely tuned a posteriori
using the full core results.
Table 4 also presents the fertile conversion metrics (see Eq. (3))
for all cycles. We observe that the FIR is higher for the NU reference
cycle than for our thorium-based cycles, since we decided to max-
imize 〈Be〉. However, this does not mean that the generated 233U
and 239Pu nucleus are not used efﬁciently in TU and TD cycles. Nor-
malizing the objective function 
 with the ﬁssile contents metrics
NEE and NUC, deﬁned in Eqs. (1) and (2) respectively, leads to ﬁssile
and 235U nucleus utilization factors 
/NEE and 
/NUC indicating
how much energy can be extracted from initial ﬁssile nucleus in
a particular cycle compared with the NU cycle. 
/NEE is signiﬁ-
cantly higher than 1 for both the TU and TD cycles, mainly because
of the in situ burning of 233U. The 
/NEE result for the TU cycle is
also coherent with the 
/NUC value, however this metric does not
apply to the TD case (see Table 2).
As mentioned before, the external boundary and the 3-burnup
zone model restrict the time-average channel power ﬂattening
achievable, which directly impacts the radial refueling strategy. As
a result, R3 ≤ R2 ≤ 1. Wight and Girouard (1978) results indicate
that if more burnup zones are deﬁned, Rz for the intermedi-
ate zones become lower than for the zones closer to the radial
reﬂector. Chambon (2006) results show clearly that the 6700 kW
time-average channel power limit is very restrictive for a 3-burnup
zone model, but the exit burnup proﬁle tends to the optimum com-
puted by Wight and Girouard (1978) as the number of burnup zones
or the channel power limit is increased. Therefore, it would have
been advantageous to deﬁne a few more burnup zones, or a ﬁner
mesh in the sub-domain Rz < 1 in the exploration phase of the
radial iteration presented in Section 3.2.3.
Fig. 11 illustrates the channel power distributions for both the
NU and TD cycles. Note that the TU channel power map is not
showed since it is almost identical to the NU map  due to their sim-
ilar radial refueling strategies. For the TD cycle, there is a strong
depression in the channel power for the central burnup zone, due
to the relatively large difference in the exit burnup between the
burnup zones 1 and 2. This depression is due to many factors
including the 4-bundle shift fueling strategy and the large differ-
ences between the number of channels Nj,z in a burnup zone. Since
the central burnup zone contains about 1/6 of the channels of the
peripheral zone, the latter has approximately 6 times the weight of
the former in the 
 maximization procedure. This bias suppresses
the power ﬂattening for the TD cycle, thus supporting an increase
in the number of burnup zones. Ideally, the number of channels
per burnup zone should be around 380/Nz with as little as possi-
ble spread around the average value. The depression in the ﬂux
distribution will have large consequences on the control devices
reactivity worth for this cycle.
4.3. Instantaneous states
Table 5 presents departure from criticality ıkeff = keff − 1, bun-
dle and channel power peaks for the NU, TU and TD cycles in fresh
and refueled cores. Fig. 12 illustrates both the fresh core and refu-
eled core channel power distributions for NU and TD cycles. For
the fresh core, the power peaks are far below the limits for both
cycles and the power distributions are very similar, since they are
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Fig. 11. Channel power distribution at the optimal equilibrium state for NU (left) and TD (right) cycles.
Fig. 12. Channel power distribution in the fresh (top) and refueled (bottom) cores for the NU (left) and TD (right) cycles.
Fig. 13. Axial power shape in central refueling zone for the equilibrium, fresh core and refueled core with NU (left) and TD (right) cycles.
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Table  5
Main instantaneous characteristics of NU, TU and TD cycles for the fresh and refueled
core states.
State Parameter NU TU TD
Fresh core ıkeff (pcm) 6520 21,161 23,121
Pmax
jk
(kW) 801 807 806
Pmax
j
(kW) 6987 7043 7027
Refueled core ıkeff (pcm) 39 60 71
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(kW) 7092 7355 7670
ainly governed by the core boundary and the reactivity devices.
s a result, no foreseeable additional depleted fuel load is needed to
atten the fresh core power distribution. To conﬁrm this assertion,
ne would need to simulate explicitly the ﬁrst channel refuelings
n order to determine if higher power peaks appear. On the other
and, the moderator poisoning must be increased by a factor higher
han ıkeff/ıkNUeff (considering shielding effect) to ensure the critical-
ty of the fresh core. Comparing the initial departure from criticality
k∞(0) = k∞(0) − 1.05 obtained with the corrected inﬁnite lattice
odel in Fig. 4 to the ıkeff presented in Table 5 indicate that the
ffective bulk poison needs are very well estimated using the sim-
liﬁed approach, since the relative error for boron concentration is
6.0% for NU, +0.4% for TU and −0.5% for TD cycles. This conﬁrms
hat the corrections to the inﬁnite lattice model are adequate.
For the refueled core, the channel age model works well since
ll ıkeff are smalls. St-Aubin (2013) results indicate that passing
rom ns = 8 to ns = 4 decreases ıkeff by a factor of 5–10 for a given
uel. Assuming identical channel power maps, decreasing ns also
ecreases ıBjk. This, in turn, has an impact on Eq. (32) and on the
efueled core burnup distribution. The departure from criticality
ecreases accordingly.
Channel power distributions for the refueled core (see Fig. 12)
how some hot points that are directly due to the channel age pat-
ern Oj that was not optimized to ﬂatten the power maps. Even if the
istributions are almost identical for both cycles, the power peaks
re respectively 3.7% and 8.2% higher for TU and TD fuels than for the
U cycle. The large difference in the number of channels per refu-
ling block (6 in the corners compared with 36 in the center of the
ore, see Fig. 10) induces an asymmetry between the top right and
he bottom left regions of the power maps that is more pronounced
or TD cycle than for NU cycle. This is because the algorithm assign-
ng the channel refueling order passes to the next block when the
hannel candidate actually corresponds to an empty site (A-1 for
xample). This adequately spreads the block-averaged channel age
istribution around 〈Aj〉 = 12 but the outer blocks average age is
ore susceptible to deviate from 〈Aj〉 which signiﬁcantly impact
he power distribution symmetry. For instance, the average age
f the channels in the block A-E+12-17 is 0.442 while that of its
ymmetrical counterpart (block S-W+6-11) is 0.513, leading to the
ower asymmetry observable in Fig. 12. The impact is greater for
D cycle since its initial equivalent enrichment is high and this
ore uses a 4-bundle shift axial refueling strategy leading to hav-
ng older fuel at core center (k =5, 8) than at channel front-ends
k =1, 4). For TD cycle, one would have to refuel twice every chan-
el using the same fueling pattern to obtain results equivalent to
hose of the NU cycle. Overall, using a larger number of blocks hav-
ng the same number of channels to refuel should allow to remove
hese asymmetries while meeting the same power constraints for
ll instantaneous states.
Fig. 13 depicts the axial power shapes 1k (see Eq. (17)) in the
entral refueling zone of both the NU and TD cycles for the 3 simu-
ated core states. For the fresh core, the curves are very similar since
he burnup and device distributions are identical for both cycles.
he only difference is that the NU curve is slightly more peaked ating and Design 293 (2015) 371–384 383
the axial positions k =3, 10. This is mainly due to a decrease of both
the LZC and ADJ incremental cross sections for the TD fuel compared
with the reference (St-Aubin and Marleau, 2015). For the equilib-
rium state, the NU curve is maximal for k =6, 7 because the ns = 8
axial refueling strategy allows fresh fuel bundles to be placed in
the axial positions 5–8, contrarily to the TD case that uses ns = 4.
The depression of the axial power shape is the result of positioning
once burned fuel bundles at the center of the core. As expected,
both equilibrium curves are perfectly symmetrical with respect to
the axial middle plane, since the refueling zones group as many
channels fueled from both core ends (see Section 2.2).
For the NU case, the refueled core seems symmetrical and almost
identical to the equilibrium curve. This is not the case for the TD
fuel where the curve for the refueled core is tilted toward the chan-
nel front-end (k ≤ 6). There are 2 reasons to explain this behavior.
First, the TD cycle has a core average exit burnup ∼2.5 times higher
than the NU cycle (see Table 4), thus emphasizing the channel age
(or the refueling) effects for the TD cycle, as discussed in Section
3.2. Secondly, looking at the refueling pattern Oj (see Fig. 10) the
channels (L-12 and M-11) fueled from front to back (increasing k)
have an average channel age about 2 times lower than those (L-11
and M-12) loaded from back to front (decreasing k in Fig. 13). Thus,
the fuel is more reactive in the channel front half (k ≤ 6) than in the
back half (k ≥ 7), inducing an asymmetry in the 1k curves that is
more marked for the TD cycle (also true for the TU cycle). The axial
symmetry is respected if the averaging process is performed over
all the refueling zones since the average channel age is equal to 1/2
only over the whole core.
5. Conclusions and perspectives
Thorium fueled CANDU reactors are of interest because they
can eventually supply in ﬁssile 233U breeding 232Th/233U cycles.
Here, we mainly focus our discussion on designing an optimiza-
tion algorithm that should facilitate the progressive setting up of
an industrial supply chain for natural thorium. Our  fuel selection
procedure is based on safety, exploitability and economic criteria.
Inﬁnite lattice and full core calculations are used to identify the
best fuel compositions from a large envelope of thorium/LEU or
thorium/DUPIC fuels. The coarse cell and supercell DRAGON mod-
els used for the selection process have been replaced by optimized
models allowing to generate reactor databases with ﬁxed maximal
errors for minimal computing time.
We also present a novel physics-based methodology to optimize
CANDU fuel management at equilibrium using the time-average
approach. Our core model allows to deﬁne realistic radial refueling
strategies while increasing signiﬁcantly the precision to computing
effort ratio compared to standard models that do not distinguish
burnup and refueling zones. Equilibrium is reached for a given
refueling strategy by following the axial ﬂux shape convergence
and the guessed core average exit burnup during the initializa-
tion of the Brent’s method responsible of converging on criticality.
Then, the radial refueling strategy is optimized using a gradient-
like method and an augmented objective function including penalty
terms. Instantaneous states have also been included in the selec-
tion process, using a channel age model and by simulating the fresh
core explicitly.
The simulation of 400 advanced fuel cycles allows to validate
the modeling and optimization approaches. Results presented in
this paper indicate that there are viables and exploitables thorium-
based fuels for CANDU reactors. Speciﬁcally, we  showed that
natural uranium resources use can be improved (60% more energy
produced for the same initial mass of ﬁssile isotope). The aver-
age exit burnup increases up to 32.7 GWd/The for a CANDU fueled
with low-enriched UO2 and 232ThO2 (TU cycle). We  have also
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emonstrated that DUPIC fuels can be efﬁciently recycled in pres-
nce of 232ThO2 while multiplying by a factor of 2.5 the energy
xtracted from the fuel and improving by 37% the ﬁssiles nucleus
fﬁciency when compared with the reference. However, a strong
ux depression in the center of the core is present for the TD cycle,
hus highlighting the need for a few more burnup zones in the core
odel, but especially the needs for reactivity devices adjustment
or advanced fuel cycles.
Based on this study and previous works we will next attempt to
odify the adjuster rods and the liquid zone controllers in such a
ay as to preserve their global reactivity and spatial power man-
gement efﬁciency for new fuels during normal and accidental
ANDU operation.
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